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SUl-24/iRY 


The performance characteristics of a 20-inch ram .jet designed 
at tlie NA.CA Cleveland laboratory and operated with preheated 
linleaded (62' octane) fuel in the Cleveland altitude wind tumicl arc- 
presented and analyzed. 

The results of this investigation indicated an improvement 
in the combustion efficiency and operating range of the ram jot 
when using preheated fuel. Concomitant increases were oLtained in 
the temperature ratio across the unit, the over-all efficiency, and 
the not tlirust. At a free -stream Mach number of 1.20, a comoustion 
efficiency of S4 percent and an over-all efficiency of 8.15 percent 
were obtained. Sufficient heat could bo recovered from the ram- jet 
shell to preheat the fuel to the desired fuel injection temperature. 


EjTRODUCTION 

As a part of the general program to evaluate and improve the 
performance of the ram- jet engine, a series of experiments are being 
conducted at the NACA Cleveland laboratory to determine the per- 
formance improvements that might be obtained by the use oi proheaoea 
fuel. It was anticipated that preheating and the resulting flash 
vaporization of the fuel as it left the fuel injector would improve 
mixing of the air and fuel and increase the race of ilame propa- 
gation. Improved combustion and over -all efficiencies wouid like- 
wise be expected. 

OtTO methods of preheating the fuel are discussed: a regenerative 

heating system in which the fuel vra.s circulated through cons around 
the combustion-chamber shell; and, to expedite the research, a 
system with an external heat source preheating the fuel. The regen- 
erative system also cooled the combustion-chamber shell. Tlie 
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performance of the ram Jet using preheated fuel is compared with 
the performance presented in reference 1 for a similar ram Jet 
operating under the same conditions using unheated fuel. 


APPARATUS AID PROCEDURE 


The performance charactei’istics of a 20-inch ram Jet were 
investigated in the Cleveland altitude wind tunnel over a wide range 
of operating conditions. The general arrangement of the ram Jet 
in the tunnel (fig. l) was similar to that of reference 1. The unit 
was mounted in the test section "below a 7 -foot -chord wing^ which 
was supported at its tips hy the wind-tunnel balance fi-ame. Dry 
refrigerated air at approximatelj- atmospheric pressure was supplied 
directly to the ram .let through a pipe from the wind-tunnel make-up 
air duct and was throttled to provide the desired diffuser-inlet 
total pressure. The tail nozzle exhausted dii’ectly into the wind 
tunnel, the pressure of which was varied to obtain different values 
'of ram-pressure ratio across the unit. A sealed slip Joint inserted 
between the ram pipe and the diffi'iser inlet afforded free movement 
of the model. 


The ram Jet had a conical diffuser with an B° included angle, 
a 14 -inch -diameter inlet, and a 20-inch-diametor exit. The combustion 
chamber was 20 inches in diameter and 12 feet in length. An exhaust 
nozzle, 2 feet long and with a 17-iiich-diamcter exit, was flanged to 
the combust ion -chamber exit. The combustion chamber and exhaust 

1 3 

nozzle were made of s~inch Inconel and were wrapped with p-inch copper 

tubing for fuel preheating and shell cooling. 

The coils were arranged to allow variation in the length of 
the fuel path in order to facilitate fuel -temperature control over 
a wide range of fuel flows. A schematic diagram of the regenerative 
fuel-preheating and shell -cooling system is shovm in figure 2. 


A flame holder and a fuel injector were used in this investi- 
gation. The flame holder (fig. 3) consisted of throe equally spaced 
V*s of 4-inch choi-d inserted with the vei'tices upstream. Tho 
cold static -pressure drop of tho flame holder was 1.2 times the 
dynamic pressure at tho combustion-cnamber inlet. Tlic fuel injector 
consisted of seven equally spaced i-inch stool tubes arranged in an 
80^ V pattern (fig. 4) with the Y base 5 inches do-imstream of the 
diffuser inlet. Si:fcy -eight lb. 70 holes wore drilled in the upstream 
side of tho fuel bars. These holes wore equally spaced along tho 
seven bars. No holes were drilled within 2 inches of the diffuser 
wall. Four additional fuel bars installed in the system were not 
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used in this investigation. A gas pilot cone and modiiied spark- 
plug combination (fig. 5) was used for ignition. 

The 90 -percent point for the unleaded 62 -octane fuel (AI:-F-22) 
occurred at 202^ F on the A.S.T.M. distillation curve (fig. S).^ 

The Reid vapor pressure for the fuel is 7 pounds per square men 
gage. 

The fuel system was designed to provide a fuel flow of 
5000 pounds per hour at a fuel injection temperature of 300*^ F and 
a, minimum fuel injection pressure of 100 pounds per square inch 
gage. 


A number of experiments were made establishing the feasibilitj^ 
of using heat from the r8.m-.jet shell to preiieat the fuel. The 
system satisfactorily preheated 40C0 pounds of fuel ver hour uo 
500^ F. For a wide range of fuel flows^ however^ frequent changes 
in the length of the fuel preheating path were required. Conse- 
quently^ an external heating source was substituted for the regen- 
erative fuel preheating system to expedite the i-esearch. A com- 
mercial heat exchanger using saturated steam at 100 pounds per 
squaxG inch gage >ras used to heat the fuel. The fuel tcmpora'Guro 
was controlled by varying the steam flow through the heat exchanger. 
This system (fig. 7) gave fuel teiiperatures as high as 250^^ F over 
a wide range of fuel flows. When tiic external heat exchanger was 
used, cooling water was circulated through the copper coils wrapped 
around the shell. No differentiation is made in the data w'ith 
respect to tho method of fuel preheating used when the data wore 
taken . 

The air flow’ through the unit was calculated from mcasuroments 
of total pressures^ static pressures, and indicated temperatures 
obtained with a survey rake mounted at the diffuser inlet. Tho fuel 
flow was measured with a rotameter and cooling -water flc>w was 
measured with a commercial water meter. Thrust “v.^as calculated, (as 
outlined in rcfcroncc l) from force mcasuroments obtained with tho 
wind-timncl scale system. 

At T^rcssure £iltitudes rangirag from 6000 to 24^500 feet, t;hc 
ram-prossurc ratio across the unit was varied to the maximum attain- 
able at each altitude. The fuel-air ratio varied from 0.042 to 
0.099 Jind the fuel injection temperature \t3.s varied from 100'^ to 
250''^ F. Tlie ram- Jet inlet-air temperature vas inaintained at 
lO'^ ±10° F for all conditions. 
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SY^ffiOLS 

Tlie sjnsilDols used are defined as follovs: 

cross-sectional area, square feet 

2Fn 

net-tlirust coefficient, ^ 

,jet thrust, poimds 
net tlirtist, pounds 
fuel-air ratio 
liach number 

static pressure, poiuids per square foot absolute 

free-strean e>mbient pressure, pounds per square foot absolute 

total temperature , 

velocity, foot per second 

air flow, pounds per second 

fuel flow, pounds per second 

ratio of specific lieat at constant pressure to specific heat 
at constant volvime 

ratio of absolute tunnel ambient pressure to absolute static 
pressure at EACA standard atmospheric conditions at sea 
level, Pq/2113 

over-all efficionc;/, pex’cent 
combustion efficiency, percent 
ideal over-all officiency, percent 

i-atio of absolute total tcmperatuz’o at oodiaust -nozzle exit 
to absolute static temperature r^t KACA standard atmospheric 
conditions at soa level, xa/319 

ratio of absolute total temperature at erhaust-nozsio exit 
to absolute total tompemture at diffusor inlet, 
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Subscripts: 

0 


4 

0 

Perfornx9.nc© 

Fn/S 


MaV^ 

V/’pTi'b 3600 
6 V 04 

550 5600 

1?' Y 
~ii 0 


ratio of absolute total temperatiire at exhaust -nozzle 
exit to absolute total temperature at combustion- 
chamber inlet ^ T 4/-2 


eq.uivalent free -stream condition 
station 1, diffuser inlet 

station 2 , diffuser exit and combustion-chamber inlet 
station 3, combustion-chamber exit 
station 4, exlaaust-nozzle exit 
ultimate exhaust-jet condition (pj = Pq) 
parameters : 

jet thrust reduced to NACA standard atmospheric con- 
ditions at sea levels pounds 

net thrust reduced to NACA standard atmospheric con- 
ditions at sea level, pounds 

combustion-cliamber-inlet fech number parameter 
reduced air-flow -parameter, pounds per second 
reduced fuel -consumption parameter, pounds per hour 


net-power specific fuel consumption, pounds per 
horsepower -hour 


E3Sin.TS AiiD DISCUSSION 

Preliminary^ worlc at sea level and a low ram -pressure ratio, 
1.1, showed that the preheated fuel was flashing into vapor uipon 
injection into the air stream. The flame was seaued on the flame 
holder and showed no tendency to flash back to the fuel injector. 
The flames more completely filled the combustion cnamber ana were 
shorter than ■when the fuel was unheatod. Visual observations indi- 
cated that it was possible to reduce the fuel injection tempeimuro 
from 300° to 200° F and the minimum fuel injection pressure from 
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100 to 50 pound <5 per square inch gage •vrlthout markedly changirg the 
comhustion characteristics o Circulation of the fuel through the 
coils mde continuous operation possible at stoichiometric fue '.-air 
rsi-.ica vrithout overheating the portion of the shell covered ’ey the 
coils. 

Tlie data for the ram Jet operating with preheated fuel in the 
altitude wind tunnel have been reduced and correlated b 5 ’' the methods 
discussed in reference 1. 

Tlie improvement in com'Dustion efficiency achieved ’oy preheating 
the fuel is sliown la figure 8 . Hie curi’^es are a'rproximate envelopes 
of the combustion-eff iciency data jjresented in figir'e 9 for pre- 
heated fuel and in reference ]. (fig. 2c(b)) for unlioatod fuel. On. 
the average, by incrc.asing the fuel injection tcmnc:rR,turc from 
40° to 200° F, the rrxxiiriim combustion efficiencies attained woj-o 
increased by about 10 percent and the minir:.i?.m combustion efficiencies 
obtained were increased by a’cout 20 percent. Tliis Impxovenent in 
combustion efficiency is achieved becai.se the fuel-vaxiorisation time 
is reduced and a be'<ber fuel-air m.lxtux’e Is o’otair.ed ’oy preheating 
the fuel. Tlxe combustion officieucy ‘iiproved with fuel-a.ir ratio to 
a maximum between fuel-air ratios of O.i'i and O.OS with olnher heated 
or uriieated fuel. Further increase in fuel-air ratio maiirodl;/- 
decreased the combustion efficiency. 


Tlie combustion-efficiency data for prehoatod f’cel are plotted 


he numbers opp 


against fuel-air ratio in figure 9. 
indicate the values of other variables thou.ght to ir.f. 


:e oac;h noint 


Luonco tny 

combustion efficioncy; nsmely, ccmbuB'.r.on-cliamber inlet etatic 
pi’essiirc pg, combuetj.on-cliam’oox'’~:.nlot 1-fech rLicaber M 2 , and com- 
bustion-chamber-exit static pressure (ambient sta.tic pressure) Pq. 
The combustion-chambor-inlet temperature was hel.d constant for this 
investigation. The method by ■sbliich the data wore to-ken makes it 


difficult to separate quant i tat -.uvc] 


each of the 


vai’la'olcs on com’:.ustion efficiency. In general, hc'vJcver, an increase 
in combustion-cliam’Der-inlet Mach nun'oer- or a dsci-’ease in the conbusticn- 
chamber static -pres sure level resulted in a decrease in combustion 
efficiency. 


A calculation of the appi*oximate heat loss through the ram- jet 
shell was made from measurements of the flow r-ato and the temperatui’e 
rise of the cooling water. Cn the average, the cooling water absor’oed 
appx'oximately 3.5 percent of the lower heating value of the fuel. Tlie 
heat losses through the ram- jet shell trere not includou in tho calcu- 
lations of the combustion efficiency. If those heat losses irere 
included, tho combustion-sf'f Iciency values would bo apiproxiroately 
5 percent higher than reported. 
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The gas total -temperature rise T4 - T2 during conibustion of 
heated fuel and uniaeated fuel is sho\m in figure 10 as a function 
of free-stream l^lach number Mq. Figures 10(a) and 10(b) can be 
used as an indication of the general temperature trends, for tney 
both cover ' approzimately the same altitude and fuel-air -ratio range. 
At low I-Iq tile combustion temperatures were much higher with the 

heated fuel than with the vinlieated fuel. At Mq values near 1,00, 

the combustion temperatures with heated fuel were slightly higner 
th-an with unheated fuel. Because of the improved combustion effi- 
ciency, however, these temperatures were attained at lower fuel-air 
ratios with preheated fuel than, with uniieated fuel. The eiiecc ox 
preheated fuel on the range of L'Iq obtainable with this ram- Jet 
configuration can be observed in figure 10. The maximum IIq x'eached 

before blow-out with preheated fuel was 1.23 as compared with 0.96 

with the urJaeated fuel as ropoi-ted in reference 1. 


The greatest comb\;stion-chambor-inlot velocity ¥3 at which 
the unit \rs.s operated using preheated fuel was 151 feet pel’ second. 
This velocity was measured at a pressure altitude of 24,400 loe'o 
when the unit was operatiiig under choking conditions at the noszlo 
(Mo = 1.20). When using unheated fuel (reference l), the greatest V- 
at Which the same unit was operated was 164 feet per second at a 
pressure altitude of 20,000 feet and an Mq of 0.94. These veloc-^ 
ities are not the limiting combustion-chamber-inlet velocity for this 
burner; when it was operated using uniieated fuel in a ram Jet with 
a 5-foot combustion cliamber and a 17-inch nozzle exit, a maximum Vo 
of 196 feet per second was obtained. (See reference 1.) dif- 

ference in V2, for the same exit nozzle and approximately the same 
Mo value, is s. result of the dependence of Vp,, for approximately 
constant T2, on T4. (See equation (22), reference 1.) The 
combined effects of increased combustion-chamber length and fuel 
preheating are an increase in T4 and a resulting decrease in 73. 


The variations with Mq of the parameters 




F. 




W. 


Mg'/Tq, Ml, 


WVH'b 3909 T) 550 Wp 3600 


_n 

S 


Of. 


F,.v 


550 Wp 3600 


F 


rJo 


5/eI ' 

are shown in figures 11 to 22 fo 


n''0 




and 


the engine operating 


with preheated fuel. The difference in performance between using 
uniieated and preheated fuel can be obtained oj'' comparing tnese 
figures with the related figures in reference 1. The differences 
in nerf ormance are a result of the differences in the temperature 
ratio T 


1^ 




Somo of the differences are (ilue to variations 


in snecific heats and moraent'uiu pressure drops^ which accompany 


in 


(See reference 2,) 
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Tho roaxinium val'ac of jei; thrust Fj developed by tho cn,c;ino 
reduced to NACA standard atmospheric conditions at sea level Fj/6 
was 5517 pounds at Mq = 1.23 (fig. ll). The actual valuies of" 
measured and the auproximate altitudes at which these data were 
obtained can be determined from figure 12. The pressure -altitude 
contours are based on the reduced jet -thrust cuiuro of figure 3.x. 

At a given Mq, if "the temperature ratio Tp was maintained 
constant^ tho net thrust F^ would not bo affected by preheating 
the fuel. Tile maximum not thrust developed by the ram jot roduced 
tc HACA standard atmospheric conditions at sea level Fj^/5 was 
3375 pounds at Mq = 1.23 and Tp = 6.9 (fig. 13). The effects 
of Mq and Tp on the net-thrust coefficient Cp aro shoim j.n 
figure 14. Tlic maximum Cp was 0.6B6 at = 1.23 and Tp = 6.9. 

The maximum over -all efficioncy t] attained in this inyosui- 
gaticn was 9.13 percent at Mq = 1.20 and np, = percent (fig. 21). 
The corresponding acbucil net -power spocifio fnol consriiiption wns 
1.65 pounds per horsopowor-licnr (fig. 22). Tlic con'bustion-ofriciency 
contours nro npproxiinnto in tlmt tlie of i cot ox vciricitions of arc 

not inolndcd . 

As proviov.sl^^ indionted^ tiie ooolin£-5 water nlDsorlood ctpproxiinntoly 
3.3 porcont of the lower heating value of tho fuel. Only 0.5^ percent 
of the lower heating value of the fuel is required to raise the 
temnerature fron 40^ to 200^ F. This margin would permiu the use ox 
a regenerative fuel preheating system with a coiibustion cjiamher 
shorter than that used in this investigation. 


SUMvIAPvY CF ESSULTS 

From an investigation of the. performance of a 20-inch ram jet 
with a 12 -foot comhustion chamhor and a 2 -foot exliaust nozzle 
17 inches in diameter operating on preheated unleaded (62 octane) 
fuel and from data obtained in an earlier investigation with a 
similar configuration and the same fuel^ the following results weie 
observed : 

1. The combustion efficiency of the ram jet was improvea oy 
tho use of preheated fuel. When the fuel injection temperature Wcis 
increased from 40^ to 200^ F ^ tho comousuion oxi iciencies wore 
generally increased approxim^2.tely 10 percent . 

2. Tho higher combustion efficiency attained with preheated 
fuel resulted in an increase in over-all exi iciencies^ teirporaoure 
ratios^ net thrusts^ and not-thrust coefficients as compared with 
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those attained with unheated fuel. The maximum over-al]. efficiency- 
attained was 8,13 percent at a free-stream Mach nuiubor of 1,20 and 
a combustion efficiency of 84 percent. 

3, It was possible to recover sufficient heat from the 
combustion-chamber shel.l and the nozzle shell to raise the fuel- 
injection temperature from 40° to 200° F, For these conditions it 
is necessary to add to the fuel the equivalent of 0.5 percent of its 
lower heating value. The shell rejected at least 3 percent of the 
original lower heat content of the fuel. This margin will permit 
the use of a regenerative fuel preheating system with a shorter 
combustion chamber than the one used in this investigation. 


Aircraft Engine Research Lab or at 01 - 3 ", 

■National Advisory'- Committee for Aeronautics, 
Cleveland, Ohio. 
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Figure 3. - Three-v flame holder for 20-inch 
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Figure 4. - Installation of four-tube and seven-tube fuel injectors in diffuser of 

2 0- inch ramjet. 
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Figure 6.- A.S..T.M. distillation curve for unleaded 62- 
octane fuel (AM- P-22). 
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Figure 7. - Schematic diagram of external fuel-preheating and shell-cooling systems. 


X) 


m 


ro 


?99-S9f 


5^9 


CONF I DENT I AL 



NACA RM NO. E6I23 CONFIDENTIAL Fig. 8 


1 

90 

80 

iTl 

70 

c 

0) 

a 

u 

' 4) 

a 

- 60 

•k 

o 

c 

<D 

•H 

NATIONAL ADVISORY 
COMMITTEE FOR AERONAUTICS 



































r 











Prehe 

ate 

d 

fuel 









--- 

— 


-- 

















/ 

/ 

/ 

f 

s 

V 














\ 

\ 

\ 






Un 

heat 

e 

d f ue 

1 



\ ■ 
\ 

\ 














, 

1 

\ 

\ 

\ 













\ 

\ 

\ 

\ 




^ 50 

Vh 

Sh 

0> 

c 

o 

•(H 

w 40 

D 

B 

O 

O 

30 

20 










\ 

\ 

\ 

\ 




.. — ■ 










\ 

\ 

\ 

>s 







X ■■ 

S 

\ 

> 













































.04 .06 .06 .07 .08 .09 .10 

Fuel-air ratio, P/A 

Figure 8«- Range of combustion efficiencies obtained with 

unheated and preheated fuel. 20— inch ram- jet unit with 12— foot 
combustion chamber and 17— inch— diameter exhaust nozzle. (Data 
for unheated fuel from reference 1. ) 
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Figure 9. - Effect of fuel-air ratio F/A, combus t ion-chamber-inle t absolute static pressure P 2 and Mach number M 2 » fuel 

injection temperature, and free-stream ambient pressure Pq on combustion efficiency 20-inch ram-jet unit with 12-foot 

combustion chamber and 17-inch-diameter exhaust nozzle. 
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(a) Preheated fuel. 
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(b) Unheated fuel at 40® F (data from reference I ) . 

Figure 10. - Variation in gas total temperature rise T 4 ~T 2 ?^ith equivalent free-stream 
Mach number Mq for heated and unheated fuel. 20-inch ram-jet unit with 12-foot com- 
bustion chamber and 17-inch-diameter exhaust nozzle. 
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Figure 11.- Effect of equivalent free-stream Hach number Wq and fuel Injection 
temperature on reduced Jet thrust ?j/6, 20-lnch ram-Jet unit with 12-foot 
combustion chamber and 17-lnch-dlameter exhaust notzle. Jet thrust reduced to 
NACA standard atmospheric conditions at sea level. 
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Fig. 12 
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20-inch ram-Jet unit 


with 12-foot combustion chamber and 17-inch-diaraeter exhaust nozzle-. 
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exhaust nozzle. Net thrust reduced to NACA standard atmospheric conditions 
at sea level. 
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Figure 14,- Effect of equivalent free-stream Mach number Mq, fuel injection 
temperature, and temperature ratio on net-thrust coefficient Cp. 20- 

Inoh ram- Jet unit with 12-foot combustion chamber and 17-lnch-dlameter 
exhaust nozzle* 
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Figure 15.- Effect of equivalent free-stream Mach number Mq and fuel 
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in ject ion temperature on combust ion-chamber-lnlet Mach number parameter 
20-inch ram-Jet unit with 12-foot combustion chamber and 17- 
inch-diameter exhaust notsle* 
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Figure 16.- Effect of equivalent free-stream Mach number Mq and fuel Injection 
temperature on ultimate exhaust-jet Mach number M.. 20-lnch ram- Jet unit with 
12-foot combustion chamber and 17-lnch-d lame ter exhaust nozzle. 
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Fig. 17 
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NACA RM No. E6 I 23 CONFIDENTIAL Fig. 18 



Equivalent free-stream Mach number, Mq 
F igure 18«- Effect of equivalent free-stream Mach number Mq and fuel 
Injection temperature on reduced fuel-consumption parameter 

^f 20-lnch ram- Jet unit with 12-foot combustion chamber and 

17-lnch-dlameter exhaust noizle. Fuel flow reduced to NACA standard 
atmospheric conditions at sea level. 
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Fig. 19 
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Figure 19.— Effect of equivalent free— stream Mach number Mq and fuel 
injection temperature on ideal over-all efficiency 20-inch ram- 

jet \mit with 12-foot combustion chamber and 17-inoh-diameter exhaust 
nozsle* 
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Fig. 20 
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exhaust nozzle. 
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Fig. 21 CONFIDENTIAL NACA RM No. E6I23 
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NACA RM No. E6 I 23 CONFIDENTIAL Fig. 22 



Figure 22,- Effect of equivalent free-stream Mach number Wq, fuel Injection 
tempera ture^^ajjd g^g^ustlon efficiency on net-power specific fuel con- 
sumption ■ 20-lnch ram- let unit with 12-foot combustion 

cnamber and 17— Inoh-tJlame ter exhaust nozzle, 
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